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Outline
• Indirect Detection - Where it fits, what it is.

• Agency advice:  Build science plan for each area for next 10 to 20 years, help with 
the decision tree, explain balance of complementary methods, guidance on making 
decisions of which techniques are needed for dark matter, theoretical effort to make 
the case, how could results in one area affect where we go in other areas - write DM 
science plan. 

• Open forum discussion of the charge:

• Science Drivers

• What experiments should be covered?

• What metrics should be used to evaluate the potential of Indirect Detection for 
DM science?

• Identify overlaps with other subgroups.

• Participate in discussion with CF1 and Instrumentation groups

• Please contribute comments, or a SINGLE overhead, I will try to record these 
comments and provide feedback to the Cosmic Frontier group.
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Experimentes
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

γ

ν

e−, e+, p, p̄
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Neutrinos
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Gamma Rays
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Positrons and Antiprotons

• Positron excess but no antiprotons motivated leptophillic models to boost 
electron production, while suppressing hadronic channels.
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Figure 1 (a) Cosmic-ray (CR) antiproton fraction and (b) positron fraction. The CR
measurements by various instruments are summarized in Adriani et al. (2010b) (antipro-
tons) and Adriani et al. (2009a) (positrons). For antiprotons, the curves correspond to
models with different assumptions for the treatment of CR propagation, uncertainties
in the assumed propagation model parameters, and cross section uncertainties for an-
tiproton production, annihilation, and scattering. Upper and lower dashed lines were
calculated for a homogeneous (leaky box) model by Simon, Molnar & Roesler (1998).
Upper and lower dotted lines were calculated assuming a diffusive reacceleration with
convection model by Donato et al. (2009). Solid line shows the calculation by Ptuskin
et al. (2006) for a plain diffusion model. For positrons, the solid curve shows the predic-
tion by Moskalenko & Strong (1998) using the GALPROP code for CR nuclei interacting
with the interstellar gas for a plain diffusion model without accounting for solar modula-
tion effects. Figures are adapted from original forms published in Adriani et al. (2010b)
and Adriani et al. (2009a).

earlier data (where there is overlap), which are consistent with expected non-
exotic astrophysical origins. However, the PAMELA positron fraction rises with
increasing energy, opposite to the expected behavior of secondaries produced in
the ISM (see Section 2.1). The PAMELA data apparently confirm the results
from the earlier HEAT balloon experiment and AMS test-flight (although the
results of both of those experiments have much larger uncertainties).

An essential question for these data is the likelihood that they are the re-
sult of an experimental artifact. (Recall, in Section 2.1 we discussed how reliable
proton-positron discrimination is essential for this measurement.) PAMELA uses
its magnetic spectrometer, time-of-flight system (at low energy), calorimeter, and
neutron detector for the separation of protons and antiprotons from positrons and
electrons (see Section 2.2.2). The spectrometer separates the electrons and an-
tiprotons from the positrons and protons (except at the highest energies, where
there is some spill-over; Adriani et al., 2010a). The calorimeter is able to sepa-
rate electromagnetic- and hadron-initiated (proton/antiproton) showers very well
using information on the longitudinal and lateral shower development. How-
ever, early neutral pion production at the top of the calorimeter by interacting
hadrons produces an electromagnetic shower in hadron-initiated events at about
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Direct and Indirect Detection

[hep-ph] arXiv:1011.4514 L. Bergstrom et al.

Proposed CTA SC 
camera module 

Xenon100 

accessible to direct

accessible to γ‘s

Dark Matter can be directly detected through nuclear recoil in “direct detection” 
experiments, missing energy or momentum in accelerators, or through detection of 

products of annihilation in astrophysical halos 

Friday, October 12, 2012



Cosmic Frontier Working Group 

Charge for the WIMP Dark Matter Indirect Detection subgroup 
(James Buckley, Doug Cowen, Stefano Profumo) 

 
(1) Summarize the Status and Current Issues: Apply to all indirect searches for dark 
matter an agreed-upon set of benchmark annihilation final states, dark matter density 
profiles, substructure setups and velocity distributions, and parameter space to use for 
side-by-side comparisons.   Articulate what would be lost if one or more of the various 
approaches were not pursued over the next decade.  Summarize the potential 
sensitivity and anticipated uncertainties for each technique or project. 
 
(2) Complementarity:  Assess the complementarity of different current indirect 
detection techniques, and of indirect detection with direct and collider searches.  
Coordinate with CF1 and CF3.  Compare in particular the prospects for constraining the 
SD cross section with indirect detection (e.g. of solar WIMPs) vs. direct detection. 
 
(3) Future Experiments: Describe the attributes of future experiments for DM 
detection, addressing the relevance of sensitivity to the GC, the importance of angular 
resolution, FoV, and threshold energy.  Compare to the anticipated results from existing 
facilities in the same timeframe.  Consider new and possible future experiments such as 
AMS (cosmic ray electrons and positrons), CTA (gamma rays), IceCube/PINGU 
(neutrinos) and other future experiments.  Assuming detection of dark matter, evaluate 
how well its properties can be measured by each such experiment. 
 
(4) Theoretical HEP Issues:  Survey theoretical models for WIMP dark matter from the 
standpoint of indirect signals (e.g. assume masses, spin, some effective interaction...).  
Evaluate the challenges in comparing indirect detection with direct detection, colliders, 
and dark matter production in the early universe.  Discuss  the role of (non-SUSY) 
WIMP models, describe how SUSY space has been (and will be) constrained by LHC 
results, and compare leading benchmark SUSY WIMP models to one another.  Extend 
the discussion to include axion(-like) particle models and other dark matter models and 
compare these to models for WIMP dark matter. 
 
(5) Theoretical Astrophysics Issues: Describe the current understanding of halo 
profiles, clumpiness and velocity distribution and evaluate how their uncertainties impact 
dark matter searches.  Describe the current understanding of the impact of diffuse and 
point sources as background to searches for gamma-ray signatures of dark matter. 
 
(6) Future Detection Technology: Describe realistically possible advances in detection 
technology that would have an immediate and significant impact on any of the existing 
techniques of indirect dark matter detection.  Highlight possible “game-changing” 
advances and describe how they would transform the field. 
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Gamma-rays from DM
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ΛCDM N-body simulations (Kuhlen et al.)
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DM Neutrinos from the Sun

• Limits on the DM annilation flux and Spin-Dependent wimp-nucleon cross-section from 
IceCube compared with Direct detection limits

• In red, expected improvement in sensitivity with the addition of the six-string Deep Core 
detector

de los Heros for the IceCube Collaboration, Dec 2010, arXiv:1012.0184
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Annihilation Channels
Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ
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HESS-II and VERITAS Upgrade

• 28m HESS-II telescope added to 4 12m 
telescopes.  Nearly operational, will 
provide very low threshold monoscopic-
imaging, some reduction in threshold of 
HESS 12m telescope array for stereoscopic 
events. • VERITAS upgrade (to be complete this summer) 

includes new trigger and replacing all PMTs with 
new tubes with ~50% higher QE - like increasing 
mirror size from 12m to 14m diameter!

HESS II

VERITAS’
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Dwarf Galaxy Limits

Stacking dwarf results brings Fermi upper limits in range of the natural cross section for 
annihilation at energies < about 30 GeV.  Possibly one of the best constraints on WIMP 
dark matter provided by any technique.

Liena Garde, M., Conrad, J., Cohen-Tanugi, J. for Fermi-LAT 
Collaboration, Fermi Symposium, May 2011
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W/Z Sommerfeld Enhancement  

• At high mass, expect Sommerfeld enhancement from W, Z exchange for standard 
neutralinos can give large enhancement in present annihilation cross section (lower 
relative velocity) compared with decoupling cross section (higher velocity).

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
2

p
ðcos

ffiffiffi
2

p
pcÞ"1 "

ffiffiffi
2

p
ðcoshpcÞ"1 and d2 ’

ðcos
ffiffiffi
2

p
pcÞ"1 þ 2ðcoshpcÞ"1, where pc &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

!"#$%&'$()*+",-.%

(Matthieu Vivier et al. for the VERITAS Collaboration, 2011, ICRC proceedings)

At sufficiently high neutralino masses, 
the W and Z can act as carriers of a 
long-range (Yukawa-like) force, 
resulting in a velocity dependent 
enhancement in cross section ( 1/v or 
even 1/v2 enhancement near 
resonance) 
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VERITAS Segue I Results

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.

VERITAS DEEP OBSERVATIONS OF THE DWARF . . . PHYSICAL REVIEW D 85, 062001 (2012)

062001-9

(Talk by Andy Smith, Friday Indirect Parallel)

• PAMELA-inspired models predict large neutralino masses, and invoke new scalar fields to 
explain high branching ratio to leptons, and large (Sommerfeld-enhanced) cross section

• VERITAS Segue I limits provide tight constraints on leptophillic models
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Optimizing Array Design

Fit analytical model to CTA sensitivity and scaled MST and LST to ~equal enhancements.  

* When taking Fermi into consideration, additional MSTs seem like the correct approach
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1 10 100 1000 104 105
10�13

10�11

10�9

10�7

E �GeV�

ΝF
Ν
�ergs

�
1 c
m
�
2 � CTA 50 hr

1 10 100 1000 104 105
10�13

10�11

10�9

10�7

E �GeV�

ΝF
Ν
�ergs

�
1 c
m
�
2 � CTA 50 hr

1 10 100 1000 104 105
10�13

10�11

10�9

10�7

E �GeV�

ΝF
Ν
�ergs

�
1 c
m
�
2 � CTA 50 hrLST MST

Friday, October 12, 2012



γ γ

1

γ γ γ γ

CPM 2012                                           Indirect Detection                                                 James Buckley 

Photon-Axion Mixing
Photon-ALP mixing in VHE spectra

• Photon-ALP mixing can happen at 
the source, or during photon 
propagation in the presence of 
intergalactic magnetic field.

• One signature of this effect will 
be a relatively sharp drop of 
~30% in the spectrum between 1 
and 100 GeV.

• Another effect is that mixing 
could make some photons travel 
to Earth as axions and then 
convert back to photons. Axions 
would not be attenuated by EBL. 
Therefore, one could expect to 
see less EBL absorption than 
expected at E~1TeV for distant 
sources. The boost effect could 
be of factor ~100 in the most 
optimistic scenarios.

Sanchez-Conde, Paneque, Bloom, Prada & Dominguez, Phys. Rev. D 79 (2009) 123511 

The flux increase due to axions propagating through EBL 
could be tested with VERITAS by observing distant sources. 
The effect could be disentangled from our ignorance of EBL 
density by seeing the effect in multiple sources at different z. 

Hooper and Serpico, PRL 99, 231102 (2007)
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